The forced oscillation technique (FOT) is a noninvasive method with which to measure respiratory system resistance and reactance during tidal breathing. Recently, its clinical application has spread worldwide with the expansion of commercially available broadband frequency FOT devices, including MostGraph and Impulse Oscillometry. An increasing number of reports have supported the usefulness of the FOT in the management of asthma and chronic obstructive pulmonary disease (COPD). However, the FOT is not a surrogate test for spirometry, but should be used complementarily. Furthermore, reference values are not necessarily available and the interpretation of some measured data is controversial. There is a need to update the international statement for not only technical aspects but also the clinical use of the FOT. In this review, we summarize the previously published studies and discuss how to use the FOT in a clinical setting.
Introduction
The forced oscillation technique (FOT) is a noninvasive method with which to measure lung mechanics (1) . Forced oscillations are applied to the airway opening from the mouth to derive respiratory system impedance (Zrs), the spectral relationship between the resultant pressure and airflow. The real part of impedance is called respiratory system resistance (Rrs), whereas the imaginary part is called respiratory system reactance (Xrs), which is supposed to reflect elastic and inertial properties of the lung. Since the first method using monofrequency FOT in the 1950s (2), many variants have been developed. Recently, the clinical application of broadband frequency FOT as a measurement of the lung function has progressed, and an increasing number of reported studies have examined its usefulness in the evaluation or management of obstructive lung diseases, including asthma and chronic obstructive pulmonary disease (COPD). Forced oscillations are superimposed on tidal breathing, avoiding the need for any special breathing maneuver or noticeable interference with respiration. The FOT provides more information on the lung than that obtained by forced expiration: spirometry. If reference values and proper interpretation of the measured data are established, then this technique will be useful in older patients who have difficulty in performing spirometry and young children who cannot cooperate with the maneuver. However, the international statement of the FOT have not been updated since 2003 (1) . In this review, we describe previous studies that used commercially available FOT devices, including MostGraph (Chest M.I., Tokyo, Japan) and Impulse Oscillometry (IOS) (MasterScreen IOS; Jaeger, Hoechberg, Germany), and discuss the problems in the clinical use and data interpretation of the FOT. Concerning the principles and more detailed information on the methodology, the reader is referred to other articles (1, 3) .
Basic Indices of the FOT and Colored 3D Imaging
When the oscillatory signal is added through the mouth, Zrs is defined as the complex ratio of pressure to flow at the mouth. Zrs consists of its real part, called the Rrs, and the imaginary part (Xrs), with the following relationship: (Zrs) 2 = (Rrs) 2 + (Xrs) 2 . Rrs reflects the dissipative mechanical properties of the lung (1) such as airway resistance (Raw) and respiratory tissue resistance (Rti). Xrs reflects the undis- Oscillatory indices are expressed as the mean values of the whole data (whole-breath) and of each phase as inspiration or expiration. The difference between the inspiratory and expiratory phases (Δ) is also frequently used. Those basic indices can be easily obtained using both IOS and MostGraph. In addition, the latter visualizes the time course as well as the absolute values in colored 3D graphics, which are suitable to understand various respiratory condition such as bronchoconstriction in asthma, effects of the treatment, and so on, for both medical staff members and patients. Figure shows the changes in the spirometric and forced oscillatory parameters over a 4-year period in a patient with severe asthma who was successfully treated with omalizumab, an anti-IgE antibody (4) . Colored 3D graphic images of MostGraph can generally be classified into 3 types (5). Rrs of the first pattern shows high values of the expiratory phases (blue or black at the top, i.e., ! 6 cmH2O/L/s) and low values of the inspiratory phases (green or yellow at the bottom, i.e. approximately 2 cmH2O/L/s) with a marked frequency dependence (increasing at lower frequencies) and respiratory cycle dependence (greater differences between the expiratory and inspiratory phases). Xrs shows greater (more negative) values (blue at the bottom, i.e., < -6 cmH2O/L/s). This pattern is usually found in patients with COPD, but also in those with severe or uncontrolled asthma ( Figure, left panel) . Rrs of the second pattern shows moderately high Rrs over the entire frequency and respiratory cycle (yellow, orange, or red, i.e., approximately 4 cmH2O/L/s) with slight frequency and respiratory cycle dependence and Xrs changes (yellow), which is usually found in patients with asthma, but occasionally in those with COPD and healthy controls (Figure, middle panel) . Rrs of the third pattern shows low Rrs (green, i.e., <2 cmH2O/L/s) and Xrs (yellow) with few within-breath changes, which is usually found in healthy controls, but also in patients with mild or controlled asthma, and sometimes in those with COPD (Figure, right panel) . In the patient represented in Figure, there were few changes in spirometry, whereas Rrs and Xrs improved overall, with colored 3D image conversion from the first to the third patterns. Similar cases in which colored 3D imaging was useful have also been reported (6, 7).
Measurements
There are standard recommendations for measurements of the FOT (1, 5) . In the hardware, after the reduction of the respiratory noise from the oscillation signals, the electric signals from the sensors of pressure and flow are processed with a computer. The time lag of the electric signal between the oscillatory pressure and flow must to be minimized (8) . The dead space volume between the mouthpiece and the sensors should be minimized and fixed in order to avoid the influence of inertia of the air.
The classical monofrequency FOT uses sinusoidal waves as oscillation signals. Recent apparatuses, such as MostGraph and IOS, use broad-frequency waves such as random noise and impulse wave, expanding the spectrum of 4-36 Hz (MostGraph) and 5-35 Hz (IOS), which enables one to measure the frequency properties of Rrs and Xrs in a short time. The available broad-frequency wave types are pyramidal wave (IOS), Hanning (MostGraph), and random noise (MostGraph). Pulse generation intervals are 0.2 sec (IOS) and 0.25 sec (MostGraph). A comparative study using phantom models found that the measured impedance values were confirmed to be closely consistent, but not identical, with more negative Xrs values in IOS than those in MostGraph (9) .
In the sitting position with the neck in a comfortable neutral posture and wearing a nose clip, the subjects support their cheeks in order to eliminate upper airway shunting during the measurements. Cheek support by an operator, not the subject himself/herself, was found to result in different impedance values (lower Rrs and smaller Xrs) in patients with respiratory diseases, but not in healthy controls (10) . The subjects are instructed to breathe quietly at a functional residual capacity level (tidal breathing) for approximately 30 seconds. In healthy subjects, slow breathing (0.7-fold respiratory rate) caused higher Rrs values, whereas greater tidal breathing (1.5-fold tidal volume) caused higher Rrs and greater (more negative) Xrs values (11) . The time course of the lung volume should be monitored for at least 30 seconds. If the records other than normal spontaneous breathing, such as swallowing, glottis closure, leakage around the mouthpiece, incomplete sealing with the nose clip, irregular breathing, or acute hyperventilation, are found, the part or all of the measurements should be discarded. One of the criteria for the acceptability of breathing in the individual measurements is the coherence function, which is optionally reported in the apparatuses. The measurements should be repeated until three to five technically acceptable records are obtained. Taking these factors together, substantial attention should be paid to the measurements, albeit with easy tidal breathing.
Interpretation of the Measured Data

Rrs
Rrs indicates the total resistance of the respiratory system, including Raw, Rti, and chest wall resistance (Rcw). Since Raw is a major part of Rrs, Rrs is a sensitive parameter for Raw, and therefore, Rrs is frequently interpreted as an index of the airway caliber. In both IOS and MostGraph, the value of Rrs can be obtained at all oscillatory frequencies to be measured. Among those, Rrs at 5 Hz (R5) and 20 Hz (R20) are routinely used. Although both Rrs and the forced expiratory volume in 1 second (FEV1) can be indices of airway obstruction, the FOT and spirometry are not the same modality, and therefore, Rrs and FEV1 are not necessarily identical or closely related. Indeed, in general, R5 only moderately correlates with FEV1 in asthma and COPD (12, 13) . R5 is higher in patients with COPD than in healthy controls, but not in those with asthma (12, 14) .
To date, the usefulness of Rrs in airway hyperresponsiveness and bronchial reversibility tests has been frequently reported, but not satisfactorily established. In a study using an apparatus for the continuous methacholine inhalation method with simultaneous measurement of Rrs at 3 Hz (Astograph; Chest M.I.), FEV1 was also measured at the baseline and immediately after a twofold increase of Rrs (15) . In that study, the mean change in FEV1 was -19.3%, suggesting a parallel change between FEV1 and Rrs. If we apply this relationship to the airway reversibility tests, a 60% change in R5, presumed to be nearly equal to Rrs at 3 Hz, would correspond to a 12% change in FEV1. Although the criteria to identify the Rrs response to bronchodilators in children are reported to be 20% to 40% (16) , further studies are needed to establish those values in adults. We investigated the FOT parameters that would predict an improvement in patients with asthma in terms of FEV1 after starting inhaled corticosteroid (ICS)/long-acting β2 agonist (LABA) combination treatment in 31 untreated patients (17) . In multivariate logistic regression analyses, more than 10% change in FEV1 was independently predicted by R5 (adjusted odds ratio 15.9). The receiver operating characteristic (ROC) curve analyses also revealed that the area under the curve was higher for R5 (0.731) than for any other parameters. For the purpose of detecting a treatment effect or daily fluctuations, minimal clinically important differences in the FOT parameters should be established. R20 also correlates with FEV1 in asthma, but more weakly than R5 (12, 13, 18) . There was no correlation between R20 and delta N2 in asthma (18) , or between R20 and FEV1 in COPD (12) . There was no difference in R20 among patients with COPD, asthma, and healthy controls (12) . In contrast to these, a study found that R20 had the most clinical significance, including the severity, impaired control, quality of life, and frequent exacerbation of the disease (19) .
Frequency dependence of Rrs in patients with COPD was initially reported by Grimby and Takishima (20) , which has been implicated as due to "non-uniform distribution of mechanical properties of the lungs to their overall mechanical behavior". To date, the difference from R5 to R20 (R5-R20) has been frequently used as a representative marker of the frequency dependence in the FOT. R5-R20 should be simply implicated as the extent of the frequency dependence. However, some researchers have interpreted R5-R20 as peripheral airway resistance because they consider R5 and R20 to reflect the total lung and central airway resistance, respectively (21, 22) . With the exception of a few theoretical models of electric circuits, those hypotheses of R5-R20 as peripheral resistance do not have any physiological basis. Indeed, there is no statement in any official guidelines that supports this interpretation. The assumption of R5-R20 as peripheral resistance suggests that R5-R20 is always positive, but, in reality, R5-R20 is frequently negative. In addition, high R5-R20 values are physiologically detected in children mainly due to upper airway mechanics (23) . In our study, R5-R20 and other pulmonary function values were investigated in 78 patients with asthma (18) , and R5-R20, particularly inspiratory measurements, correlated with not only %FEV1 but also the N2 phase III slope of single-breath N2 washout (delta N2). We speculated that R5-R20 had a certain relationship with airway obstruction and ventilator unevenness (Table 1 ). Although it is clearly possible that patients with large R5-R20 have lesions at the peripheral airways as reported in patients with COPD (20), R5-R20 cannot be attributed to peripheral airway resistance.
Xrs
Xrs, presumed to reflect the summation of elastic and inertial properties, is the imaginary part of Zrs. In practical measurements, Xrs is frequency dependent. It is negative at a low frequency whereas positive at a high frequency. The point at which Xrs=0 is referred to as resonant frequency (Fres). Generally, more elastic properties are more negative Xrs whereas more inertial properties are more positive.
Therefore, elasticity and inertia balances each other at Fres. Fres and Xrs at 5 Hz (X5) is frequently used as a representative marker of Xrs. The low-frequency reactance area (ALX), which is the integral of X5 to the Fres, is also used. In patients with asthma, these three parameters were shown to significantly correlate with FEV1 and delta N2, suggesting that those three parameters are other markers of airway obstruction and ventilator unevenness (18) ( Table 1) . Although there are some differences in the details, the strongest correlation is generally found between Fres and FEV1 in both asthma and COPD (12, 13, 18, 24) . Interestingly, a previous study found hyperbolic relationships between Fres and FEV1 in asthma (24) . A linear relationship between a reciprocal Fres and FEV1 was confirmed. In multiple regression analyses, we found that the delta N2 was independently predicted by the forced vital capacity (FVC), Fres, and emphysema score (R 2 =0.57, p<0.0001) in 56 patients with COPD (25). However, it is not clear why Fres or other Xrs parameters have so significant relationships with the markers of airway obstruction or ventilatory unevenness.
The term expiratory flow limitation (EFL) is used to indicate that maximal expiratory flow is achieved during tidal breathing and it is characteristic of intrathoracic airway ob- Compare the data between whole-breath, inspiratory, and expiratory phases, and the differences between the inspiratory and expiratory phases. Rrs, R5 in particular, reflects the airway caliber. R5-R20 is an indicator of the frequency dependence of Rrs, which is presumed to reflect ventilation inhomogeneity. X5, Fres, and ALX reflect an abnormality in lung parenchyma or airways. X5 reflects the expiratory flow limitation, a major determinant of dynamic hyperinflation and exercise limitation. Minimal clinically important differences have not yet been established. The FOT is not a surrogate test for spirometry, but should be used complementarily. ALX: low-frequency reactance area, : difference between the inspiratory and expiratory phases, FOT: forced oscillation technique, Fres: resonant frequency, Rrs: respiratory system resistance, R5 and R20: Rrs at 5 Hz and 20 Hz, respectively, R5-R20: the difference between R5 and R20, X5: Xrs at 5 Hz, Xrs: respiratory system reactance.
struction (26) . This phenomenon is common in patients with severe COPD and a major determinant of dynamic hyperinflation and exercise limitation. Previous studies have indicated that ΔX5 best reflects the EFL (27, 28) , and ΔX5 is referred to the EFL index. Dynamic airway narrowing during quiet breathing at rest has been visually detected in a patient with severe COPD by high-speed electron-beam computed tomography (26) . The EFL index is useful for the differentiation between COPD and asthma (12, 14, 29) . In multivariate regression analyses, a high EFL index (more than 0.55 cmH2O/L/s measured with MostGraph) was independently predicted by the emphysema score, forced expiratory flow between 25% and 75% of FVC, functional residual capacity, and whole-breath R5 (30) . Regarding the interpretation of Xrs, apparatus differences should be noted as we previously reported (9) . In short, Xrs in IOS merely shifted to a negative direction compared to that in MostGraph, and, therefore, in IOS Xrs is more negative or less positive and Fres is higher than in MostGraph.
Taking these findings together, some FOT parameters are associated with spirometry. However, they are not identical. Therefore, the FOT is not a surrogate test for spirometry, but should be used complementarily. Table 2 shows a summary of the measurements and interpretation of the FOT.
Reference values
Reference values are available for the parameters of IOS in Japanese adults (31) and children (32) , whereas the establishment of those for MostGraph is currently underway.
Asthma
There have been a number of studies comparing the effectiveness of ICS or ICS/LABA (33, 34) . A recent study using IOS found that elderly patients with asthma showed higher R5, Fres, and ALX, lower R5-R20, and more negative X5 than nonelderly patients (35) . Although, in those reports, R5-R20 and Xrs parameters were implicated to reflect the small airway function, it should be implicated as the overall airway including central elements.
As another issue, the association of Zrs and eosinophilic airway inflammation has been studied. There is no correlation between fractional exhaled nitric oxide (FeNO) and Rrs or Xrs (18, 36) . However, weak correlations were found between the alveolar nitric oxide concentration (CANO), a marker to reflect peripheral airway or alveolar inflammation, and whole-breath R 5-R 20, X 5, and ALX using IOS (36, 37) . We also investigated those relationships using MostGraph, and found significant correlations between CANO and ΔX5, ΔFres, and ΔALX (18) . Further studies are needed to establish those findings.
The difference in R5 and X5 between pre-and postbronchodilator inhalation using MostGraph was significantly higher in asthmatic than in nonasthmatic children (23) . The ROC curve analyses revealed that the difference in X5 (cutoff value: 0.46 cmH2O/L/s) was the best predictor for FEV1 reversibility. In another study using IOS in children, the ROC analysis showed that R5-R20 and ALX could discriminate controlled versus uncontrolled asthma, suggesting the usefulness of the FOT for assessing asthma control (38) . An adult study using IOS also revealed that asthmatic patients showed higher R5-R20 and more negative X5 than subjects with asymptomatic bronchial hyperresponsiveness and healthy controls (39) . On the other hand, a recent study using IOS found that R5-R20 was not associated with asthma severity, control, quality of life, or exacerbation, but R20 had clinical significance, suggesting the need for prospective longitudinal studies (19) .
Concerning the quality of life in asthmatic patients, a study using IOS found that R20, X5, and dose of ICS, but not FEV1, significantly accounted for the Asthma Quality of Life Questionnaire in multiple regression analyses (40) .
COPD
The 3D graphic images in MostGraph have an advantage to visualize not only frequency dependence but also respiratory cycle dependence (41) (42) (43) . Since airway obstruction is more severe in the expiratory phase, Rrs becomes high and more frequency dependent and Xrs shifts to a more negative direction compared to in the inspiratory phase. These respiratory cycle dependence may be explained by the EFL (26), while frequency dependence has been implicated as an unevenness of the ventilation mechanics (44) . However, it must be noted that the extent of both frequency and respiratory cycle dependence is not identical to the severity assessed by FEV1. These phenomena are not always observed in severe patients (3, 45) . Respiratory cycle dependence can also be indicated by variability in the FOT data. Especially in patients with COPD, it is greater during expiration than inspiration (43) . In this context, the evaluation of drug effects, such as tiotropium may be more accurate during inspiration in patients with COPD (46) .
An increased rate of tidal breathing (40 breaths/min) was shown to result in higher R5, R5-R20, and Fres, and more negative X5 in patients with COPD, but not in healthy controls (47) . These changes reflect dynamic hyperinflation and are correlated with the severity of dyspnea.
Early detection of lung function changes in smokers is important for the prevention of COPD. Approximately 60% of smokers showed higher Rrs and greater (more negative) Xrs, mainly in the expiratory phase, as observed in COPD patients (48) . A case-control study of the lung function in the World Trade Center Health registry area residents and workers revealed that cases with persistent respiratory symptoms were more likely than control subjects to have elevated R5 and R5-R20 despite normal spirometry (49) . These studies suggest the potential of the FOT. A study using IOS found that R5-R20 alone, but not FEV1, significantly accounted for the symptoms, impacts, and a total score of the St. George's Respiratory Questionnaire (SGRQ) in patients with COPD (50).
Interstitial lung disease (ILD)
A previous study using IOS showed the association between the presence of ILD and ΔX5 in a multiple linear regression analysis, and a significant negative correlation between ΔX5 and VC or diffusing capacity (51) . In our study using MostGraph, however, inspiratory Fres best correlated with the FVC, FEV1, diffusing capacity, and fibrosis score, but ΔX5 showed no correlation (52) . The discrepancy in the results of the studies may be attributed to different samples and FOT apparatuses. We confirmed that there was no difference in Fres between patients with ILD and those with mild to moderate COPD (53) . However, Fres did not correlate with the emphysema score in patients with COPD. According to these findings, we speculated that Fres is a meas-ure of increased lung elastic recoil resulting from fibrosis in ILD, suggesting that Fres is a marker of lung stiffness in ILD.
Combined pulmonary fibrosis and emphysema (CPFE)
R20 was significantly lower in patients with CPFE than in those with interstitial pneumonia (IP) or COPD, irrespective of the severity of airflow limitation (53) . ΔX5 in patients with CPFE was significantly higher than in those with IP and lower than in those with COPD, suggesting that both emphysema and fibrosis affect the lung mechanics in CPFE, leading to different findings from IP or COPD alone. Table 3 shows a summary of the practical use of the FOT in lung diseases.
Conclusion
The clinical application of the FOT as a measurement of lung function has progressed with the spread of commercially available devices, and increasing numbers of studies have examined the usefulness of the FOT in the evaluation or management of not only obstructive but also restrictive lung diseases. One of current limitations is the lack of established normative values in different populations and comparability between different devices. Furthermore, data interpretation is often difficult without physiological understanding, which is why confused interpretation such as the assumption of R5-R20 as peripheral resistance has disseminated. The FOT is not a surrogate test for spirometry, but should be used complementarily. Finally, there is a need to update the international statement of the technical aspects and clinical use of the FOT.
